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Vickers hardnessAbstract Background/purpose: PMMA resin mostly used the fabrication of denture base by heat-
curing technique. It has poor strength, including low impact strength and low fatigue resistance. In
this work the combination of nitrile butadiene rubber (NBR) with two types of ceramic fillers
(Al2O3 and YSZ, respectively) on the mechanical properties of denture base are investigated.
Materials and methods: The denture base composites were fabricated by incorporating PMMA
powder, 0.5 wt% of benzoyl peroxide (BPO), fixed at 7.5 wt% NBR particles and ceramic fillers
(fixed at 5 wt%) as powder components. In total, 180 specimens were prepared for all tests and
divided into 6 groups for each test (N= 10) coded G1–G6. Group 1 as the control group (without
fillers) was mixed between PMMA powder and BPO; whereas the other five groups (G2–G6) were
reinforced with NBR particles and different concentrations of ceramic fillers. The morphology of
the fracture surface of specimens was examined by Field Emission Scanning Electron Microscopy
(FESEM).
Results: Statistical analysis, shows that the mean impact strength (IS) and fracture toughness (KIC)
of control dentures when compared to reinforced PMMA at 7.5% NBR and 2.5% Al2O3/2.5%
YSZ improved significantly (5.27 ± 0.21–10.25 ± 0.41 kJ/m2 and 1.60 ± 0.24–2.58
± 0.30 MPam1/2, respectively).of nitrile
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rubber/ceramic fillers, The Saudi Journal forConclusion: The reinforced PMMA denture bases are significantly different in IS and KIC between
study groups (P= 0.001). However, the Vickers hardness (VH) is statistically not significantly dif-
ferent (P> 0.05).
 2016 The Authors. Production and Hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Removable dentures are most widely utilized to replace missing
teeth in dental applications.1 Poly methyl methacrylate
(PMMA) is the commonly used material to fabricate denture
base by heat-curing technique since the 1940s.2 It has the
advantage of low cost, a simple fabrication process, light
weight, satisfactory aesthetics, color matching ability, and easy
to do finishing and polishing processes.3 However, some disad-
vantages still remain, such as insufficient surface hardness; low
in strength and brittle.3–5 The fracture of dentures is a com-
monly clinical problem which usually occurs due to heavy
occlusal forces or accidental damage. Most dentures fractures
are caused by combination of fatigue and impact failure,
whereas for mandibular dentures, 80% of fractures are caused
by impact and involves very high repair costs worldwide.6 In
the year 1997, more than one million denture repairs were
required in the UK alone due to poor fracture and impact
strength of the material used. Therefore, the dental technicians
need precise understanding of the causes and mechanisms of
fracture as well as the development of improved materials.7
Additionally, denture fracture is also frequently related to
faulty design, fabrication and material choice.8 One of the fun-
damental requirements of a good performance of denture-
based resin is its adequate impact strength and fracture tough-
ness.9 Other crucial property is hardness of the surface which
helps facilitate easy finishing/polishing as well as provides good
resistance to scratching during cleaning of prosthodontics.9,10
The major shortcomings of PMMA denture base is low
fracture toughness.2 Inherently, there are two types of stress
exposure to removable prostheses; intra-orally, repeated mas-
ticatory forces lead to fatigue phenomena and extra-orally
involves high-impact forces occurring as a result of dropping
the prosthesis.3,10–12 In a recent survey by Ahmed and Ebra-
him, ten types of denture base resins were compared. It was
found that nearly 70% of dentures had broken within the first
3 years of their delivery.13 It can be easily broken during acci-
dents or when the patient applies high mastication force that
occurs between maxilla and mandible jaws.14 Biting and mas-
tication forces have a deforming effect during function; any
factor that increases the deformation of the base and changes
the stress distribution may lead to denture fracture.15
Many studies have been carried out to improve the proper-
ties of the denture base materials by adding suitable fillers into
PMMA denture base. Up to date, the maximum impact
strength (IS) 6.55 kJ/m2 was observed by Asar et al.14 using
2% of ZrO2 incorporated in PMMA acrylic resin. While, the
addition up to 20 wt% of ZrO2 filler into PMMA and the
results were decreased in the impact strength and hardness sur-
face compared to PMMA resin control group approximately
6% and 3%, respectively (Asopa et al., 2015).8 Maximum frac-
ture toughness is 2.26 MPam1/2 by addition of rubber (poly
n-butyl acrylate – PBA) toughened PMMA polymer in theet al. Impact strength, fracture toughne
Dental Research (2016), http://dx.doi.oratio of 15% RTPMMA/15% PMMA powder.16 The maxi-
mum Vickers hardness (VH) value of reinforced PMMA den-
ture base was 17.57 kg/mm2 observed by Vojdani et al.10 using
5 wt% of Al2O3 particles. Based on these observations, it is
possible to combine all similar types of fillers for the purpose
of PMMA denture base property adjustment.
In order to develop a good denture base material, the salient
properties such as the fracture toughness, hardness, and impact
strength need to be improved. Based on the above studies, it can
be fairly concluded that the combinations of fillers can help
produce stronger and more fracture resistant denture base
materials, particularly rubberlike substances which are added
to acrylic resins.11 The most popular material currently
employed as an alternative to conventional PMMA is a
rubber-modified acrylic polymer.10 For example, modification
of PMMA denture base using styrene butadiene rubber to
enhance the impact strength has been done.16 Synthetic rubbers
(styrene butadiene copolymer, SBR) act as an impact modifier
which absorbs (absorbing) the energy during the application of
fracture load. However, up to date no report on using nitrile
butadiene rubber (NBR) to reinforce PMMA denture base.
The addition of NBR particles into PMMA composite could
be useful to absorb a portion of the fracture or impact force
and transfer from brittle to ductile character and furthermore,
it has no allergic reaction to contact oral tissue of prostheses
(non-toxic).17 Therefore, the remaining issues on fracture
toughness and impact strength of the PMMA denture base
can be further improved through the addition of NBR particles.
Adjustment on the hardness, fracture toughness and possibly
the radiopacity properties can be altered by incorporating cera-
mic fillers (Al2O3 and YSZ). Al2O3 particles are stiffer and more
brittle than the resin matrix and therefore improved the hard-
ness of the dental composite.18 The addition of YSZ reinforce-
ment can increase the strength of the composite.19 Both Al2O3
and YSZ are very popular as structural bioceramics due to their
inert properties in physiological media and present greater frac-
ture toughness.20
In this study, the addition of NBR particles mixed with dif-
ferent concentrations of two types of ceramic fillers (treated by
silane coupling agent) were explored, in order to improve the
impact strength and fracture toughness of PMMA denture base
material. The NBR acted as impact modifier, whereas the cera-
mic fillers are important for the toughening mechanisms of the
PMMA composite. In addition to this, the optimal combina-
tion between NBR and the treated ceramic fillers will be studied
to enhance the PMMA denture base properties.
2. Materials and methods
2.1. Materials
The materials used in this research are PMMA powder (Mw,
996.000 g/mol; Sigma Aldrich USA), benzoyl peroxide (Merckss and hardness improvement of PMMA denture base through addition of nitrile
rg/10.1016/j.sjdr.2016.04.004
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UK). EGDMA (Sigma–Aldrich, USA), 99% purity Al2O3 par-
ticles (SulzerMetco, Westbury, NJ) (4.4 lm average particle
size and density 2.70 g/cm3) and 90% purity YSZ particles
(containing 6.38 of Y2O3 stabilizer) (GoodFellow Cambridge
Limited, USA) (1.05 lm, average particle size and density
5.90 g/cm3). The silane coupling agent 3-trimethoxysilyl
propylmethacrylate (c-MPS), also known as {3-(methacry-
loxy) propyl trimethoxysilane} (gamma-MPS), was supplied
by Sigma–Aldrich and NBR particles (Genzo Scientific Ent.,
Malaysia) (less than 150 lm and density 0.98 g/cm3).
2.2. Treatment process of the reinforcement materials
2.2.1. Silane treatment of Al2O3 and YSZ surface filler
Filler treatment involved the use of 10 g of each filler powder
(Al2O3 and YSZ) with 200 ml of toluene. The procedure com-
menced with the dispersion of powder filler in toluene. Then,
to the solution was added 10 wt% of silane at room tempera-
ture and was continuously stirred at 150 rpm for 15 h. The
solution was then filtered in order to collect the modified pow-
der. Subsequently the powder was washed with 300 ml of fresh
toluene in a Soxhlet apparatus for 24 h. The final product was
then dried in an oven at 110 C for 3 h under vacuum. This
treatment method also was previously described by Abboud
et al.20
2.3. Preparation of the PMMA denture base composite
specimens
The PMMA denture base material was prepared using pre-
polymerized powder components mixed with liquid medium.
The powder components were comprised of PMMA powder,
NBR as impact modifier particles, BPO as initiator (fixed at
0.5 wt%), and ceramic fillers as reinforcement particles fixed
at 5 wt% (Al2O3 and YSZ, respectively). There are 6 different
mixtures used in this study as shown in Table 1. Each mixture
was mixed for 30 min using internal mixer (599957-K model,
MS Instruments, Malaysia). The rotor speed was 50 rpm and
heated at 65 C. The mixing chamber was cleaned before next
mixing process to avoid contamination. The liquid mediumTable 1 Powder mixture component ratios between nitrile
rubber (NBR) and treated 1. ceramic (fixed at 5 wt%) particles
as fillers in PMMA denture base.
Specimens
code
PMMA matrix Rubber
particles
Metal oxides
PMMA PBO NBR Al2O3 YSZ
G1 99.5 0.5 – – –
G2 87.0 0.5 7.5 4 1
G3 87.0 0.5 7.5 3 2
G4 87.0 0.5 7.5 2.5 2.5
G5 87.0 0.5 7.5 2 3
G6 87.0 0.5 7.5 1 4
PMMA matrix without filler (G1), PMMA-7.5% NBR/4%Al2O3/
1%YSZ (G2), PMMA-7.5% NBR/3%Al2O3/2% YSZ (G3),
PMMA-7.5% NBR/2.5%Al2O3/2.5%YSZ (G4), PMMA-7.5%
NBR/2%Al2O3/3%YSZ (G5), and PMMA-7.5% NBR/1%Al2O3/
4%YSZ (G6).
Please cite this article in press as: Alhareb AO et al. Impact strength, fracture toughne
rubber/ceramic fillers, The Saudi Journal for Dental Research (2016), http://dx.doi.owas comprised of 10% EGDMA as a cross-linking agent
and 90% MMA as an activator containing 0.025% hydro-
quinone as an inhibitor.
Each of the powder mixture components was mixed with
liquid medium by hand mixing, respectively. The mixing of
powder mixture to liquid medium (P/L) ratio was set at
2.5:1, according to standard dental laboratory usage as
described by McCabe and Walls.7 The composite reached the
dough stage (working stage) for easy formation of the paste
around 15 min, and then the mixture was packed into the flask.
After that, the flask was pressed under 14 MPa using a hydrau-
lic press (Mestra 48150 Sondika-Bilbao, Spain) maintained
under pressure for 30 min at room temperature. Upon comple-
tion, the flask was ready for heat curing process (heat polymer-
ization). The curing process was carried out by placing the
flask in a water bath at 78 C for 90 min to complete the heat
polymerization. The flask was removed from the water bath
and then left to cool slowly to room temperature. The speci-
mens were removed from the flask, trimmed and polished
using emery paper 240 or hand piece. This procedure was in
accordance to ISO 1567:2001 dentistry denture base polymer
standard method for preparing conventional denture base in
a dental laboratory.7
2.4. Fabrication and characterization of the samples
2.4.1. Impact strength test
Charpy V-notch impact test IS (CVN) was carried out using a
Zwick pendulum impact tester. The prepared specimens were
kept at 37 C for 24 h prior to the IS test. The dimensions of
specimens were 80 mm  10 mm  4 mm within a flask, the
width under notch bn is 9.75 mm as required by ISO
179-A1:2005. The specimens were prepared on the V-notch
length 0.25 mm± 0.05 mm radius and the angle notch sensi-
tivity (rn) was 45± 1 using notched bar impact strength
and span support 62 ± 0.5 mm. IS is the loss of momentum
in the pendulum while breaking the specimen off at the notch.
The real value is usually obtained by subtracting the air force
due to the friction of the pendulum against the air which is
0.1 J. The specimen was held as a simply supported beam
and was impacted on same plane of the notch but the side
opposite of the notch in the middle and touch of the pendu-
lum. Specimens were tested and the impact strength (IS) was
calculated by Eq. (1):
IS ¼ E
bnd
 103 ð1Þ
where E is value of energy that absorption it the specimen
when the impact resistance (J); bn is the specimen width
(mm); and d is the specimen thickness (mm).
2.4.2. Fracture toughness test
The fracture toughness (FT) test was determined using a single
edge span notch bending test (SEN-B) and the specimens were
prepared according to ISO 13586:2000. The test specimens
were formed in a flask mold. The dimensions of the specimens
within a flask were fixed as follows: 100 mm  20 mm  4 mm,
having a notch length of 4 mm and the support span length
64 mm. A crack was made on the specimens by tapping a
new razor blade placed at the notch on the specimen. The spec-
imens were tested using Instron (3366, 10 kN) at a crossheadss and hardness improvement of PMMA denture base through addition of nitrile
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4 A.O. Alhareb et al.speed of 1.00 mm/min. The specimens were kept in a humidi-
fier at 37 C for 24 h prior to the FT test. In this case, the frac-
ture toughness of the critical intensity factor (KIC) values was
calculated using Eqs. (2) and (3)9:
KIC ¼
P S
2
ﬃﬃﬃ
a
p
t W
2
3
 Y ð2Þ
Y ¼ 1:93 a
w
 1=2
 3:07 a
w
 3=2
þ 14:53 a
w
 5=3
 25:11 a
w
 7=2
þ 25:80 a
w
 9=2
ð3Þ
where P is load at peak (N); S is the span length (mm); a is the
depth of the notch (mm); t is the specimen thickness (mm); and
w is the specimen width (mm); Y is the geometric factor.
2.4.3. Vickers hardness test
The Vickers hardness (VH) test was performed using a cali-
brated Vickers Hardness Tester FV (Future-Tech). The VH
involves the use of diamond pyramid indenters. The dimensions
of specimens were fabricated within a flask (12 mm  12 mm
 3 mm).10 VH was determined with the application of a
300 g load for 10 s.18 The final value of the VH number was
considered as the average hardness among ten points of the
indentation. The prepared samples were kept at room temper-
ature for 24 h prior to test. The indenter with a square base was
used to force a diamond indenter of the specimen surface and
measured the diagonal length optically. After the load P was
applied, the value of diagonal indent lengths of d1 and d2 were
measured. The average of the hardness measurement was
obtained from 10 indentations for each sample formulation.
The mean value of 10 indentations on surfaces of five specimens
was estimated and used to determine the VH according to
ASTM E 384-89 standard. The diagonal length of the indenta-
tion was measured by built in scaled microscope. VH was cal-
culated using Eq. (4) as stated in ASTM standard:
VH ¼ 1:8544 P=d2 ð4Þ2.5. Field Emission Scanning Electron Microscopy (FESEM)
examination
The morphology of specimen fracture surface was studied using
FESEM (Zeiss Supra Model 35VP). The specimens were
mounted on aluminum stud with double-sided carbon tape
and all surfaces of specimens were coated using Au and Pd
(Heidolph REAX2-Germany) to eliminate the electrostatic
charging effect and to enhance a better image resolution in a
Bio-Red Polaron sputter coater. The chemical microanalysis
was determined by energy dispersive X-ray spectroscopy (EDS).
2.6. Statistical analyses of data
The data were statistically analyzed using a one-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc method.
The calculated values of results were performed with statistical
analyses (Statistical Package for the Social Sciences (SPSS)
statistics version 20). The results of the tests were considered
significant when P 6 0.05 and also used to identify the differ-
ences between groups.Please cite this article in press as: Alhareb AO et al. Impact strength, fracture toughne
rubber/ceramic fillers, The Saudi Journal for Dental Research (2016), http://dx.doi.o3. Results
The mean, standard deviation, minimum and maximum values
of impact strength (IS), fracture toughness (KIC) and Vickers
hardness (VH) obtained from each samples are summarized
in Tables 2–4, respectively. The data were subjected to a
one-way analysis of variance (ANOVA) and followed by
Tukey’s post hoc method. Table 2 shows the IS values for sam-
ples G3, G4 and G5 have a significant difference (P< 0.005).
Table 3 shows samples G4 and G5 having significant statistical
differences (P< 0.005) for their KIC values. However, VH val-
ues for all samples showed no significant differences
(P> 0.05) as shown in Table 4.
As shown in Table 2, the mean IS values for PMMA com-
posites reinforced with fixed amount of NBR (7.5 wt%) and
different ratio of Al2O3 and YSZ particles are increased com-
pared to the unreinforced PMMA matrix. Samples that rein-
forced with 2.5/2.5 of Al2O3/YSZ showed the highest IS
improvement (94.5%) compared to the control group (G1).
Similarly, the mean KIC values as shown in Table 3 are also
increased with the addition of these reinforcement particles.
The VH values shown in Table 4 decreased with increasing
Al2O3 particles and VH is increased with increasing YSZ par-
ticles in composite as shown in G5 and G6.
The improvement in KIC for PMMA composites reinforced
by 7.5 wt% NBR with Al2O3 and YSZ mixture (2/3 by wt%,
G5) compared to unreinforced PMMA as control group about
63.12%. It can also seen that the KIC of the reinforced PMMA
matrix by 7.5 wt% NBR particles together with different con-
centrations of treated ceramic fillers (2.5/2.5 and 2/3 by wt% of
Al2O3 and YSZ mixture, respectively) were significantly higher
when compared to unreinforced PMMA matrix. The KIC was
significantly higher than that of the control group and further-
more the 7.5 wt% NBR with 2.5/2.5 and 2/3 wt% of Al2O3/
YSZ had significantly higher fracture toughness than other
compositions.
The incorporation of 7.5 wt% of NBR with different con-
centrations of treated ceramic fillers had no significant increase
with all different mixture groups in VH surface test compared
to unreinforced PMMA composite (P> 0.05). Moreover, the
VH results showed no significant differences among reinforce-
ment groups. As shown in Table 4, there was no significant VH
improvement even when added with a high amount of YSZ
and Al2O3 (G5 and G6) compared to unreinforced PMMA
matrix (17.60 kg/mm2). The reduction is not the same for all
composition groups and varied in the range of 28.46–7.61%,
when compared to unreinforced PMMA. Table 4 shows a
slightly higher VH value on addition of 7.5 wt% with 2/3
and 1/4 wt% of Al2O3/YSZ than other composition groups
except for the control group (G1).
FESEM of facture surface morphologies of the unrein-
forced PMMA matrix, reinforced PMMA with 7.5 wt% of
NBR particles and 5 wt% of ceramic particles (Al2O3, YSZ,
respectively) are depicted in Figs. 1–6. The fracture surface
of control group (G1) exhibited a brittle fracture character
as smooth surface due to rapid cracks. The reinforced PMMA
composites (G2–G6), the homogeneity of different fillers mix-
tures can be seen in the PMMA matrix and the fracture sur-
faces showed as the characteristics of ductile fracture
behavior. This ductile fracture is due to requirement toss and hardness improvement of PMMA denture base through addition of nitrile
rg/10.1016/j.sjdr.2016.04.004
Table 2 Statistical summary for IS (kJ/m2), mean value, standard deviation, minimum and maximum values.
Sample code Number of samples Mean ± SD Minimum Maximum P value
G1 10 5.27 ± 0.21 5.12 5.50 0.455
G2 10 7.43 ± 0.35 7.17 7.69 0.119
G3 10 9.12 ± 0.34 8.97 9.74 0.001*
G4 10 10.25 ± 0.41 9.23 11.53 0.001*
G5 10 9.17 ± 0.30 8.97 9.74 0.001*
G6 10 7.32 ± 0.34 6.92 7.69 0.191
Mean: IS, standard deviation (SD); P value*: the data are statistically significantly different among other groups (P< 0.05).
Table 3 Statistical summary for KIC (MPam1/2), mean value, standard deviation, minimum and maximum values.
Sample code Number of samples Mean ± SD Minimum Maximum P value
G1 10 1.60 ± 0.24 1.50 1.70 0.325
G2 10 2.02 ± 0.27 1.68 2.44 0.839
G3 10 2.10 ± 0.21 1.95 2.43 0.125
G4 10 2.58 ± 0.30 2.33 2.78 0.001*
G5 10 2.61 ± 0.28 2.19 2.86 0.001*
G6 10 2.38 ± 0.36 1.87 2.76 0.702
Mean: KIC, standard deviation (SD); P value
*: the data are statistically significantly different among other groups (P< 0.05).
Table 4 Statistical summary for VH (kg/mm2), mean value, standard deviation, minimum and maximum values.
Sample code Number of samples Mean ± SD Minimum Maximum P value
G1 10 17.60 ± 0.79 16.20 18.60 0.400
G2 10 13.96 ± 0.54 14.10 15.90 0.684
G3 10 14.41 ± 0.21 13.60 14.20 0.459
G4 10 15.05 ± 2.13 11.80 17.80 0.613
G5 10 15.65 ± 0.60 14.40 16.60 0.365
G6 10 16.26 ± 0.68 15.30 17.40 0.091
Mean: VH, standard deviation (SD); P value*: the data are statistically significantly different among other groups (P< 0.05).
Figure 1 Fracture surface morphology SEM of PMMA resin
without filler.
Impact strength, fracture toughness and hardness improvement 5withstand the force for cracks propagation with the presence
of reinforcement fillers particles.
4. Discussion
The control group (unreinforced, G1) has the lowest IS due to
its brittle property as shown in Table 2. The IS values for
PMMA composite reinforced with 7.5 wt% of NBR with dif-
ferent concentrations of Al2O3/YSZ particles are higher com-
pared to those for the control group. This is attributed to
interaction between the ceramic fillers with PMMA matrix in
the presence of NBR particles. The NBR particles modified
with PMMA matrix acts as impact modifier that contributed
to the plastic deformation and increases the ductility of
PMMA matrix. This observation is in agreement with the
works done by Jagger et al.21,22 Similar observation was made
by Bhat and Nandish.23 They found that the impact strength
of PMMA denture base material modified by butadiene rubber
was doubled in value. It was also reported that dispersed rub-
ber particles in the polymer leads to improvement in the
impact strength.24 Furthermore, the PMMA denture base
composite produced was homogenous and improves the
mechanical properties when mixing with micro-fillers.25Please cite this article in press as: Alhareb AO et al. Impact strength, fracture toughne
rubber/ceramic fillers, The Saudi Journal for Dental Research (2016), http://dx.doi.oMany studies showed that an increase in the quantity of the
fillers in the PMMA resin enhances the IS.10,14,26 Therefore, in
this study due to well distribution of Al2O3 and YSZ fillers par-
ticles in the PMMA denture base resin will causes less stressss and hardness improvement of PMMA denture base through addition of nitrile
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Figure 2 Fracture surface morphology SEM of PMMA resin
reinforced with 7.5% NBR-4% Al2O3/1%YSZ.
Figure 3 Fracture surface morphology SEM of PMMA resin
reinforced with 7.5% NBR-3% Al2O3/2%YSZ.
Figure 4 Fracture surface morphology SEM of PMMA resin
reinforced with 7.5% NBR-2.5% Al2O3/2.5%YSZ.
Figure 5 Fracture surface morphology SEM of PMMA resin
reinforced with 7.5% NBR-2% Al2O3/3%YSZ.
Figure 6 Fracture surface morphology SEM of PMMA resin
reinforced with 7.5% NBR-1% Al2O3/4%YSZ.
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rubber/ceramic fillers, The Saudi Journal for Dental Research (2016), http://dx.doi.oconcentration during application of mastication force. The
result shows that when equal amount of Al2O3 and YSZ fillers
is added in the composite, the IS value increases by 94.5% com-
pared to the control group. It was reported by Ayad et al.26,
that increasing ZrO2 concentration as reinforcement is respon-
sible for high-impact acrylic resin, while Vojdani et al.10 and
Yadav and Elkawash,27 reported that better bonding between
PMMA resin and Al2O3 increased the IS value. Therefore,
the combination of a hard material like Al2O3 with YSZ will
provide the denture base composite a high toughness and this
is a promising way to produce higher mechanical properties
of the PMMA denture base material.28 Asar et al.14 reported
that improvement in the IS of PMMA denture base has been
obtained with addition of <5 wt% of ZrO2 particles. This is
due to good distribution of filler particles in the PMMA com-
posite. As a result of this observation, lower weight percentages
of the filler (up to 5%) are selected for use in this study. The
explanation for this increase is the transfer of stress from the
weak polymer matrix to the filler particles.29 These approaches
are basically to increase the strength of denture base polymer
by adding a cross-linking agent of poly-functional monomer,ss and hardness improvement of PMMA denture base through addition of nitrile
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polymer with rubber particles.24
The KIC is one of the most important properties of an
acrylic resin denture base7; it is desirable to produce a KIC
value which is as high as possible. In reality, the denture base
is exposed to force and stress of the teeth in the mouth. In this
case, mastication force may reach up to 100–150 N and this
could cause the denture base to experience a small crack before
possibly breaking slowly.30 The results obtained in this study
indicate that rubber reinforced PMMA have an increased
KIC compared to PMMA unreinforced control group as shown
in Table 3. Well dispersed NBR particles in PMMA composite
do not create large stress concentrations and therefore improve
the strength and maintain the ductility. Therefore, Al2O3/YSZ
fillers can act as good reinforcing fillers in the PMMA, making
the composite more effective in the KIC. This is important to
increase resistance or to obtain a better ability to absorb the
energy applied during the force to reduce plastic deformation.
Due to ability of the filler to withstand the stress, it mixes well
with a composite filler, and disperses homogenously. Its parti-
cles distribute well within the PMMA matrix. The KIC values
are noted progressively higher with an increase in composite
filler compared to unreinforced PMMA. This means that, the
adhesion of the fillers into the PMMA matrix, which is due
to the coupling agent has a strong bond between filler particles
and resin matrix that the composite has high the mechanical
properties.23
PMMA denture base reinforced with various types and
concentrations of ceramic filler has affected the KIC result.
However, many attempts have been done to overcome the
fractures of denture base for decades in order to improve its
mechanical properties. Bonilla et al.31 reported a very weak
correlation between fracture toughness and filler particles,
which is similar to the present finding. They observed that
though filler type, distribution and concentration have a strong
effect on the fracture toughness of the PMMA resin matrix
that also contributed to KIC values. According to Wang et al.
32
the smaller particle size yielded higher mechanical properties
due to larger specific surface area or more contact points
between the matrix and filler. More contact points between
the PMMA matrix and filler are able to form good mechanical
interlocking in between and therefore increase its stiffness
properties. Previous studies have also shown that it has been
popularly used in dental material as an effective filler to rein-
force the polymer matrix. There have been similar results, an
increase in the KIC values due to the presence of fillers in sev-
eral investigations.24,25
The VH values of control group are higher compared to
reinforced PMMA composites. However, the PMMA matrix
(without fillers) has high resistance to indentation compared
to reinforced PMMA composite. The reduction in VH of rein-
forced PMMA composite due to the presence of the micro-size
rubber particles in PMMA composite causes the composite to
be a more ductile material (dispersion of NBR filler in PMMA
matrix adversely affects in the VH). This result is attributable
to the fact that the NBR particles, in the reinforced PMMA
composite become the ductile composite. Table 4 illustrates
the improvement in VH values in reinforced PMMA compos-
ite with the incorporation of YSZ particles. This is attributed
to dispersion of the filler particles in composite on account
of the imposed restriction on matrix deformation by uniform
distribution of the dispersed phase. The properties can bePlease cite this article in press as: Alhareb AO et al. Impact strength, fracture toughne
rubber/ceramic fillers, The Saudi Journal for Dental Research (2016), http://dx.doi.oachieved through the incorporation of hard filler particles into
a ductile matrix. However, the VH increment is higher for YSZ
particles than Al2O3. This is because YSZ possesses strong
ionic interatomic bonding and sufficient surface area to make
good adhesion with polymers that increase the hardness of the
filled PMMA composite.33 Improvement in hardness with the
increase in concentration of YSZ filler is due to inherent char-
acteristics of the YSZ and Al2O3 particles. YSZ and Al2O3
possess strong ionic interatomic bonding, giving rise to its
desirable material characteristics, that is, hardness and
strength.10,13 There are many factors; the matrix composition,
filler content, filler shape, size distribution and proportion hav-
ing a leading effect on the mechanical and physical properties
of reinforced resin.6,34 The flexibility of the polymer chain may
account for the relatively lower VH.35 Therefore, it is expected
that when HA and Al2O3 particles disperse in a matrix, they
increase its hardness and strength. Another study by Kanie
et al.24 reported the PMMA reinforced with the combination
of HA with YSZ powders resulted in improved mechanical
properties.
PMMA unreinforced demonstrated higher VH values when
compared to reinforced PMMA resin. Other observations,
firstly, the reduction in the VH is attributed to a high mono-
mer–polymer (P/L) ratio and attachment of this material and
the presence of methyl-methacrylate monomer. Secondly, the
reduction in the VH value of PMMA denture base composite
may undergo changes due to incomplete polymerization reac-
tion. The degree of conversion of heat cured acrylic resin may
be evaluated indirectly by measuring the hardness surface.36
The HV value was increased when using Al2O3/YSZ mixture
in PMMA composite as shown in Table 3. The hardness
increased with the presence of YSZ particles in the PMMA
composite because YSZ particles have sufficient surface area
to make good adhesive with polymer. The increase in VH val-
ues is due to addition of the hard phases of Al2O3/YSZ parti-
cles in the ductile resin matrix together with addition of NBR
particles. The filler particles incorporated into PMMA matrix,
whereby the Al2O3 particles are larger than YSZ has affected
the surface hardness. This is due to the fact that, a large par-
ticle size gives rise to greater stress concentrations and con-
tributes to the formation of larger cavities and voids between
these particles with the presence of NBR micro-size particles
in PMMA composite. According to Vojdani et al.10 and
Masouras et al.37 the properties of the dental resin composite,
such as indentation hardness, improve with increasing filler
particles; thus, the filler amount contributes to the material
performance. These results are in agreement with Sodagar
et al.38 who reported the addition of silver particles to PMMA
and showed that the effect of filler size on the internal structure
of polymerized PMMA. It has been demonstrated that
strength would drop by addition of extra additive to PMMA
denture base since it acts as an impurity. Dispersion of ceramic
fillers in PMMA matrix is adversely affected by the degree of
conversion which in turn leads to an increase in the level of
residual unreacted monomer that acts as a plasticizer.39 It is
noteworthy that the content of micro-particle additives is of
critical importance.38
The fracture surface morphologies of PMMA composite
reinforced NBR particles with different concentrations of
Al2O3 and YSZ particles compared to unreinforced PMMA
matrix are depicted in Figs. 1–6. The fracture surface of the
control group (without filler) exhibited a characteristic ofss and hardness improvement of PMMA denture base through addition of nitrile
rg/10.1016/j.sjdr.2016.04.004
8 A.O. Alhareb et al.brittle fracture with some sharp edges cracks and also appears
a rapid crack structure (Fig. 1). The fracture surfaces of vari-
ous PMMA reinforced with NBR and Al2O3/YSZ particles
indicate the ductile fracture as shown in Figs. 2–6. NBR parti-
cles are homogeneously distributed in the PMMA matrix.
Ductile cracks are more obvious in the composite groups than
the control group. There are two parameters; the first param-
eter measures the sensitivity of materials to the presence of
sharp notches (crack initiation); the second indicates how well
the materials can withstand the propagation of the crack.11
The ability of a material to withstand the presence of notches
and crack propagation is an important factor affecting denture
base performance.
5. Conclusion
Within the limitations of the present study, the following con-
clusions were made; the results suggest that the impact and
fracture resistance of heat-polymerized PMMA denture resin
was enhanced after reinforcement with NBR particles and
treated ceramic fillers while VH was not significantly
improved. These improvements were achieved by the use of
silane coupling agent which offers the potential to further
improve properties. This research found that the optimum
combination of filler in this composite is 7.5% NBR together
with 2.5% Al2O3/2.5% YSZ. Therefore, when high IS and
KIC are needed, PMMA denture base reinforced by NBR with
ceramic fillers is the best choice in removable prosthodontics.Conflict of interest
None.
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